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Abstract: In this work, we calculate material gain for long wavelength III-
nitride InN and AlInN quantum dot (QD) structures. Strain and QD inhomogeneity 
are included in the calculations. The study covers (800-2300 nm) wavelength range 
which is important in optical communications. While p-doping is shown to be 
efficient to increasing gain, changing QD size (especially QD radius) is more efficient 
to vary wavelength. The results predicted that n-doped QD structures are promises for 
broad band laser applications.
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21. Introduction
As a new materials system, group III- nitride (III-N) based devices 
are of particular interest due to their wide range of emission frequencies 
and their potential for high-power electronic applications [1]. Among the 
group III-N semiconductors, InN is a key material for optical and high-
temperature device applications. It is reported that InN with a bandgap 
energy (0.64 eV) [2] shows unusual physical properties, anisotropic 
critical field [3], unique transport and optical properties [4]. This results 
from the large built-in electric field which arises from strain associated 
with these lattice mismatched  hexagonal (wurtzite- W) III-nitride 
structures. In recent years, nitride-based quantum dots (QDs) has been the 
subject of intense experimental and theoretical research due to their 
promising applications in lasers and optical amplifiers as well as possible 
applications for memory storage and quantum computing. Its importance 
also results from the possibility to engineering it simply by changing the 
dot size or composition to emit anywhere from the infrared to ultraviolet 
[5].   
It is important to use a simple technique to calculate electronic and 
optical properties of these nitride-based QDs. Thus, we study here the 
optical properties of some nitride QD structures beginning from the 
calculation of their electronic properties where the strain is taken into 
3account. QD size and shape fluctuations are included by assuming that 
gain is inhomogeneously broadened. Both QD size and composition are 
addressed. WL composition is also addressed. Accordingly, our study 
covers the range (800-2300 nm). We include all the wetting layer (WL) 
states in the calculation of quasi-Fermi energy. Both types of doping are 
also examined.
2. Theory
The material gain per QD layer of a self-assembled QD is expressed 
as [6]
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where the summation over i is carried out to account for all radiative 
transitions, e is the electronic charge,  nb is the background refractive 
index of the material, c is the speed of light in free space, εo is the 
permittivity of free space, mo is the free electron mass, w is the angular 
optical frequency, and E' is the optical transition energy. The term  
is the envelope function which overlaps between the QD electron 
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4is a unit vector in the polarization direction. The momentum matrices of 
QDs are taken to be the same as those of QW near the zone center (kt = 0) 
and are expressed as  where the bulk momentum matrix )(2/3. 2
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where γ is the variance of the linewidth. The terms  and  represent 𝑓𝑐 𝑓𝑣 
the respective quasi-Fermi distribution function for the conduction and 
valence bands [6].
53. Calculated Results
We study two types of structures, they are: InN/InxAl1-xN/ 
In0.25Al0.75N for x=0.76-0.96 and InxAl1-xN/In0.86Al0.14N/In0.25Al0.75N for 
x=0.88-0.96. Thus, the effect of changing both QD and WL composition 
is examined to obtain III-N QDs emitting at long wavelength region. 
Because of its importance, strain is taken into account in the structures 
studied. The energy gap for alloy can be calculated from the x 1 xIn Al N
relation [7]
( ) . (1 ). (1 ). (4)g g InN g AlN InE x x E x E x x b    
where ,  are the energy bandgaps for InN and AlN, g InNE g AlNE
respectively.  is the bowing parameter related to In-composition. Inb
Commonly used values for  in hexagonal III-N alloys are listed in Inb
Table (1). Accordingly, the bandgaps of QD and WL are states in Table 
(2). Spontaneous polarization is not taken into account here. Energy 
subbands for these structures are calculated using quantum disc model 
[5]. Gain calculations are done at four values of the surface electron 
densities per QD layer (n2D), they are: 5.2×1014, 6.2×1014, 7.3×1014 and 
8.3×1014 m-2, the areal density of QDs is 1×1014 m-2. The effect of indium 
composition in the QD and WL and the quantum-size effects are 
6investigated for the undoped, p-doped and n-doped structures where the 
surface carrier density of (3×1015 m-2) of p- or n-type ionized acceptors 
per QD layer are used. Finally, we compare the p- and n-doped effects. 
3.1 p-Doping Effect
An example of gain spectra appears in Fig. 1 which shows gain 
curves for InN QDs with and without p-doping while Fig. 2 shows the 
effect of doping on InAlN QDs. At the same carrier density, p-doping is 
shown to increases material gain of InN (InAlN) QDs by ~ 3 (3.5) times, 
it blue-shifts the wavelength by ~ 20 (30) nm. Thus, p-doping has an 
efficient effect on III-N QDs. It is known [8] that p-doping increases gain. 
Hole states are more than electron states due to their larger effective 
masses then, they closely spaced. So, holes are thermally broadened 
between excited states instead of ground state. Thus, p-doing provides an 
excess hole concentration in the GS which results in increasing gain.
3.2 n-Doping Effect
Doping with n-type dopants is also addressed. Fig. 3 shows the 
effect of n-doping on InN QDs, where it is shown to increase gain and 
blue-shifts wavelength. A comparison between undoped, p- and n-doped 
7spectra is shown in Fig. 4 for InN QDs and Fig. 5 for InAlN QD 
structure. While p-doping is shown to increase gain to higher value, a few 
increment in gain is shown for n-doping. This is because while p-doping 
increases holes in the valence band, which have a small concentration 
before doping, here n-doping increases electron concentration which is 
enough before n-doping. So gain increment is not too much. An 
interesting feature can be seen with n-doping. The gain bandwidth for 
both n-doped structures increases by 150 (100) nm for InN (InAlN) QDs. 
This promises to use n-doped QD structures in broad-band lasers 
applications. 
From these figures InN QDs have the highest gain obtained while 
InAlN QDs shows higher increment ratio for both p- and n-doping. The 
ratio of  (p-doped/undoped) for InN gain increases by 3 times, while for 
InAlN it increases by 3.5 times. For (n-doped/undoped) the increment 
ratio is 1.4 for InN and 1.6 for InAlN. 
3.3 Composition Effects
Changing QD and WL composition is also addressed. Fig. 6 shows 
the effect of changing WL composition on InN QD structures. Gain 
increases and red-shifts with increasing In-composition in the WL till 
x=0.88. For higher composition ratio, gain is reduced. Fig. 7 shows the 
8effect of changing QD composition where the gain increases and red-
shifts with increasing In-composition as expected in [9].   
3.4 QD Size Effect
It is expected that reducing dot size gives higher gain. The quantum 
size effects (disc height and radius) in both gain and wavelength is shown 
in Fig. 8 (a), (b) and Fig. 9 (a), (b), respectively for the two types of 
structures studied.
Fig. 8 (a), (b) shows the peak material gain as a function of the dick 
height and radius, respectively. Reducing disc height is more efficient 
than radius of the dot for gain increment. Both undoped and p-doped 
structures show this increment. For dot height and radius reduction, the 
increment ratio of (doped/undoped) QD gain is approximately the same 
for both InN and AlInN QD structures. Doping InN QDs is shown to be 
more efficient to gives higher gain, the highest gain increment ratio is 
shown for doped InN QDs (800 cm-1/nm).
Long wavelength emission from nitride structures is an important 
task in recent optical communication researches. So we study it in Fig. 9 
(a), (b)  which shows the peak wavelength as a function of the dick height 
and radius. Wavelength is red-shifted with increasing disc size (height or 
9radius) while it blue-shifted with doping. Changing size is more efficient 
than doping to vary wavelength. While wavelength is approximately still  
constant when smaller QDs are doped for both structures, high shift 
(~100 nm) is obtained when the InN QD radius changes from 13 to 15 
nm.
4. Conclusions and Future Development
Depending on the above results, linear gain is calculated taking QD 
inhomogeneity into account. Through the calculations, all WL subbands 
are included in the Fermi-energy calculations. The following findings can 
be stated: The effect of p-doping is efficient on long wavelength III-N 
QDs by increasing gain and blue-shifts wavelength, n-doping has less 
effect, for higher In-composition in the WL gain is reduced and red-
shifted, while gain is increased and red-shifted with increasing In-
composition in the QD, and gain increases with reducing QD size and 
wavelength is blue-shifted. 
Other properties for these structures need to be examined like: The 
gain relation stated in this work can be used to calculate lattice temperature 
effects, and the effect of p-doping on radiative and nonradiative 
characteristics of III-N QDs.
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Tables 
Table (1): Calculated bandgaps of the QD, WL and barrier layers of structures 
studied. (a) when WL is changed, (b) when QD layer is changed.
Table (1a)
  
InN / Inx.Al1-xN / In0.25Al0.75N
Properties Quantum Dot Wetting Layer Barrier
Material InN In0.96Al0.04N In0.25Al0.75N
Eg 0.64 0.739 4.097
Material InN In0.92Al0.08N In0.25Al0.75N
Eg 0.64 0.848 4.097
Material InN In0.88Al0.12N In0.25Al0.75N
Eg 0.64 0.966 4.097
Material InN In0.84Al0.16N In0.25Al0.75N
Eg 0.64 1.094 4.097
Material InN In0.80Al0.20N In0.25Al0.75N
Eg 0.64 1.232 4.097
Material InN In0.76Al0.24N In0.25Al0.75N
Eg 0.64 1.379 4.097
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Table (1b)
                        
Table (2): Bowing parameter bIn for InxAl1-xN alloys [9, 10].
In-content (x) bIn (eV)
0 ≤ x ≤ 0.85 6 – 1
x ≥ 0.25 3
Inx.Al1-xN/In0.86Al0.14N / In0.25Al0.75N
Properties Quantum Dot Wetting Layer Barrier
Material In088.Al0.12N In0.86Al0.14N In0.25Al0.75N
Eg 0.966 1.029 4.097
Material In0.9Al0.1N In0.86Al0.14N In0.25Al0.75N
Eg 0.906 1.029 4.097
Material In0.92Al0.08N In0.86Al0.14N In0.25Al0.75N
Eg 0.848 1.029 4.097
Material In0.94Al0.06N In0.86Al0.14N In0.25Al0.75N
Eg 0.792 1.029 4.097
Material In0.96Al0.04N In0.86Al0.14N In0.25Al0.75N
Eg 0.739 1.029 4.097
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Figures 
Figure 1: Calculated material gain spectra of an undoped structure (dashed lines) and 
p-doped structure (solid lines) for InN/In0.84Al0.16N/In0.25Al0.75N structure.
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Figure 2: Calculated material gain spectra of an undoped structure (dashed lines) and 
p-doped structure (solid lines) for In0.94Al0.06N/In0.86Al0.14N/In0.25Al0.75N structure.  
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Figure 3: Calculated material gain spectra of an undoped structure (dashed lines) and 
an n-doped structure (solid lines) for InN / In088.Al0.12N / In0.25Al0.75N structure.
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Figure 4: Calculated material gain spectra vs. wavelength compared with three 
material gain spectra of undoped, p-doped and n-doped, for InN/In088.Al0.12N/ 
In0.25Al0.75N structure.
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Figure 5: Calculated material gain spectra vs. wavelength for undoped, p-doped and 
n-doped, for In0.96Al0.04N/In0.86Al0.14N/ In0.25Al0.75N structure.
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Figure 6: Calculated material gain spectra for an undoped InN QD structure at the 
surface electron density (n2D=8.3×1014 m-2) by changing In content in the WL. 
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Figure 7: Calculated material gain spectra of an undoped spectra at the surface 
electron density (n2D=8.3×1014 m-2) by changing In content in the  QDs.
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Figure 8: Calculated peak material gain vs. (a) dot height at 14 nm dot radius. (b) Dot 
radius at 2 nm dot height. The structures studied are undoped and p-doped InN / 
In088.Al0.12N / In0.25Al0.75N. 
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Figure 9: Calculated maximum wavelength vs. (a) dot height at 14 nm dot radius. (b) 
Dot radius at dot 2 nm height. The structures studied are undoped and p-doped InN / 
In088.Al0.12N / In0.25Al0.75N.
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